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DYNAMICS OF TWO-DIMENSIONAL EYE-HEAD TRACKING

by

Andrew U. Meyer

ABSTRACT

;’ This research is -concertiéd wifﬁ{two~dimensiona1 target tracking, where
eye and/or head motion is used for control. Particular attention'hié Béén
devoted to a tracking method invp]ving electrooculagraphy (EOG) and to two
tracking schemes using a Honey<well remote ocu}pmeter. one with and one
without a visual feedback display. Each 6€vtheséltracking methods involves
eye-head coordination, but in different ways. ODuring the Summer of 1979,
experimental work was carried out at the tracking laboratory of the Aerospace
Medical Research Laboratery at-Wright-Patterson AFB. The tests, conducted
with fifteen human subjects, involved tracking of targets in two-dimensional
quasi-random (sum-of-sines) metion. All tests were conducted at three
different target amplitude (envelope) levels, in order to study possible
nonlinear effects. From the recorded data, the frequency response spectrum
and a statistical evaluation of the tracking performance were obtained for
each tracking run. These data, in turn, were averaged in appropriate groups.
For each of the tracking methods, average frequency responses, in the
describing function sense; are presented for each of three different levels of
maximum target field sizes. The relevant overall dynamic properties of the
three tracking mehfods are represented in the compact form of describing
function models whose parameters were identified from the averaged frequency
responses. In terms o Ethese parameters, the three methods are compared and

the effect ofAI§a;3§é;f1e1d size discussed. .
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1. INTRODUCTION

Increasing demands on pilots for vehicle control and other functions have made
it desirable to supplement the use of hands and feet for manual control by other
means, especially for secondary tasks. Utilization of eye and head movement for
this purpose has been considered for some time.l-7 potential applications may
include not only navigational tasks and fire control, but also the selection of
information displays or function switches.

In head pursuit tracking systems,l=3 control is exerted from signals derived
from head position sensors. Visual display of the positions of both target and
controlled device enables the operator to reduce their difference by «corrective
head movement.

Target tracking by eye movement is also possibie but practical only if the head
is not constrained. The Honeywell Remote Oculometer,4 based on corneal reflection,
measures line-of-sight within one degree accuracy, permitting the head to be located
anywhere within one cubic foot of a specified location. Thus. the tracking dynamics
involve both eye and head motion. The accuracy of + 1 degree makes it possible to
track without the need for visual feedback. Thus, the operator can track by simply
looking at the target, relieving him from the task of conscious error correction.
On the other hand, in its present state, the oculometer is rather sensitive in its
operation. [f operated without visual feedback, extensive calibration will be
required.

A setup in the tracking laboratory of the Aerospace Medical Research Laboratory
(AMRL) at Wright Patterson Air Force Base (WPAFB) incorporates the above tracking
instrumentation. Displays of target and visual feedback are provided in the form
of red spots. projected to a large cloth screen from two low-power lasers via pairs

of x-y galvanometer-mirrors. The subject sits in a chair approximately 3 meters
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away from the screen, which provides a visual field of approximately + 200 gach in }

vertical and horizontal direction. In addition to computing equipment which is part

of the tracking instruments, the laboratory features a PDP 11/34 minicomputer with ti
associated A/D and D/A channels. The setup also contains analog computer equipment, |
signal generators, both deterministic and random, as well as relevant measuring 4
equipment, which can all be appropriately connected, if and when needed, on a patch :
panel. ;ﬁ

The PDP 11/34 minicomputer can be used both for target signal generation and

for data analysis, for which programs have been developed by and for AMRL. Target

motion can be provided from programs that calculate and generate quasi-random
signals in the form of sum-¢f-sine waves,8,9 for given specifications. During a
tracking run, the computer provides the signals driving the galvanometers for both
target and visual feedback spots and receives the signals from the tracking
instruments (e.g.. oculometer). All signals, for both azimuth and elevation, are
stored on disk for further analysis. .

Data analysis capability includes programs for statistical evaluation and for

computation of the frequency response of the subject's tracking performance. The

statistical evaluation provides information on the portions of time during a run

' during which the tracking error remained within certain bounds; it also computes

the 50% CEP (circular error probability), which defines the radius about the target

within which the tracking error remained within 50% of the run-time. The frequency f
response analysis provides not only gain and phase spectra (in the describing
function sense). but also prints out the spectra of correlated and remnant powers i

for target, control (response) and error signals.
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The facility has been used in experiments involving head tracking by helmet-
mounted sight,2.3,5 as well as eye-head tracking using the Honeywell remote
oculqmeter.4,5,6,7 For both methods, closed-loop gains have been reported that
appear reasonably flat up to 1 Hz with half-power handwidths around 1.5 Hz.2,5,6,7
These reports also show coherence functions* above O 75 for frequencies up to 1.5
Hz, except for one report on single-axis eye tracking,® where the coherence function
lies between O 5 and 0.82 High coherence function values {close to one) suggest
linear behavior.

0f the above reports, one also deals with the effect of target angle size on
(helmet) head tracking,z showing that an increase of target-angle envelope causes
a lirge increase of closed-loop tracking gain. However, this effect appears to be
limited to the gain-level itself, not its function of frequency nor the frequency
responses of the closed-loop phase and of the coherence function (about 0.75) which
all remain roughly the same. No explanation has been presented.

An increase of closed-loop gain with target-size suggests the possibility of
nonlinear saturation in the feedback path of the tracking loop, perhaps in the human
sensing mechanism. However, before attempting any such modelling, a thorough
experimental investigation of the target size effect would be indicated (reference
2 nresented preliminary data for helmet tracking on only 3 subjects). For eye-head
tracking (using the remote oculometer) no previous data were available on the
effect of target-level.

The results of the present project (see Sections 7 and §8) indicate a slight
increase of closed-loop tracking gain with maximum target Tevel for eye-head
tracking usieg the oculometer. On the other hand, for another tracking scheme
using electroculography (EQ0G) introduced in Section 3, a slight closed-loop gain
decrease for increased target level was found The present results also show that

- - . - - = 4D . . - - e W fe M M= S SR A b - = e W - = e = = = = W S = - = -

. . 2
*The coherence tunction, y2= | cross power density between input and output.l /
(| power-density of input| |power-density of output!) represents the proportion

of input power contained in the output power. Its range is()gyzg i.
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an increased target-level will result 1in increased bandwidth for oculometer
tracking and decreased bandwidth for EQG tracking.

2. SCOPE QOF THE PROJECT

The objective of this research is to evaluate experimental data relevant for
the development of a describing function model of eye-head tracking, including the
effect of target-level. The data were obtained during the Summer of 1979 at the AMRL
tracking laboratory.

Originally. this investigation was to concentrate on tracking with the
Honeywell remote oculometer. However, due to unexpected delays and problems
conrected with a move of the tracking laboratory facility between buildings. that
instrument did not become operational untii August 8, 1979, near the end of the
investigator's stay. When it became apparent that the ocuiometer could not be used
in time to conduct a sufficient number of tracking experiments, the investigator
proposed a different eye-head tracking method based upon electrooculography (EOG)
and proceeded to conduct tracking tests on human subjects, using the target
generating and data processing facility of the AMRL tracking laboratory. When the
oculometer finally became operational, tracking tests were expanded to include both
oculometer and EOG tracking.

The objective thus was to conduct tracking experiments with targets varying
randomly in both horizontal and vertical direction., using different target angle
envelopes in grder to determine possible nonlinear behavior. The recorded data have

been used to model both EOG tracking and oculometer tracking in terms of its

describing function representation.

A1l oculometer tracking experiments were conducted with and without visual
feedback, in order to compare performance of tracking by just looking at the target
{without visual feedback) and tracking (with visual feedback) where the subject
must consciousiy control the feedback image to align with the target image. EOG

tracking is practical only with visual feedback.

.




3. EOG TRACKING

Electrooculography (EOG) is a method for measuring (both horizontal and

vertical) eye orientation.9,10 Its chief advantage is iis simplicity; other
assets include its fast speed of response and the iarge angular range. On the
negative side are problems with d-c drift of the EOG responses and inaccuracy.

It is not the intention here to claim EOG as a better alternative to existing
transducer methods for tracking, but rather to examine some basic properties of EQG
tracking. The EOG tracking scheme investigated in this research calls upon
different tasks for the human operator than other methods. They involve eye-head
coordination and EOG tracking tests may provide a tool for the study of their
dynamics.

Since eye-position sensing by EOG is inherently inaccurate. one may be tempted
to dismiss EQG for use in target tracking. However, one should realize that the
accuracy of any (eye-position) sensor will be of very little significance if its
output is used to control the visual feedback display. It is the human operator who
performs the measuring by perceptual means. This, of course, is true for any
tracking scheme incorporating visual feedback including head-tracking. The
sensor-inaccuracy will merely affect the open-loop gain. with relatively little
effect on the (closed-loop) tracking performance. Likewise, the drift of the EOG
potential does not affect the tracking accuracy and should be tolerable as long as
it stays within a reasonable range in the visual field. Though the drift was
tolerable for the E0G tracking experiments performed in the laboratory, it is
believed that it can be reduced by careful choice of electrodes; even if not, its
effect can be reduced by electronic means.

Electrooculography is based upon an electrical d-c potential difference

between the front (positive) and back (negative) of the eye. Electrodes placed




across an eye will pick up a d-c potential roughly proportional to the eye
orientation angle, with a sensitivity of the order of 20 microvolt per degree.

In the tracking experiments conducted during this research, vertical orienta-
tion (elevation) was picked up from electrodes placed above and below one eye,
whereas horizontal orientation (azimuth) was picked up by electrodes placed outside
of both eyes. An electrode placed on an ear lap was connected to the ground. The
vertical and horizontal electrode pairs were connected to d-c amplifiers which, in
turn. drove the mirror-galvanometers to provide the feedback display spots.

Depending on the polarity of the feedback connection. two different modes of
EOG tracking are possible, which shall be called (a) eye control mode and (b) head
control mode, to emphasize the dominant motion involved.

(a) Eye Control Mode: Here, eye motion causes the feedback display spot to
move in the same direction, when the head is fixed. However, when the eye 1line-of-
sight is fixed, head motion will cause the display spot to move in the opposite
direction. It will thus be natural for a human to try tracking by eye motion, while
keeping the head as steady as possible, except for corrective control motion in the
opposite direction.

(b) Head Control Mode: Here, the display spot is moved in the same direction

as the head motion (when the eye line-of-sight is fixed), ar in the direction
opposite to ey: motion {when the head is fixed). In this mode, it turns out to be
natural to use head motion for tracking, unconsciously using small eye motion for
corrective control.

It was found that the head control mode is easier to perform, at least for

tracking tasks requiring freedom of head position. It was therefore decided to
devote the experimental work in this project to the head contro} mode.

Furthermore, it was decided to perform the experimental series with an overall

open-loop gain of one. The gain adjustment is performed as follows: The subject is




asked to keep his head in a fixed position and to alternate his eye fixation between
two locations on the screen {12 degrees apart from each other), while the amplifier
gain is adjusted such that the display spot controlied by the eye movement
alternates over the same distance (though in opposite direction for the head-control
mode). The subject is instruqted not to pay attention to the display spot during
the calibration procedure. It is also possible to bias the display such that it is
away from the subject's view during calibration.

The same procedure can be used to obtain any other gain value. The unity gain
chosen for this experimental series appears to be a reascnable compromise between
“loose control" {(for toolow gain) and sensitivity to disturbances (for too much
gain). However, more investigation will be required to determine the optimum choice
of gain.

4. EXPERIMENTS CONDUCTED DURING THE SUMMER OF 1979

One hundred tracking runs were recorded for 15 subjects (9 female and 6 male)
between the ages of 18 and 62, of which one subject was tested, in a preliminary
series, for the effect of random target forcing functions of different break
frequencies. Fourteen (14) subjects were tested for EQG tracking, each at three
different target amplitude envelopes (60, 9° and 12°). Of these, 6 subjects were
also tested for tracking with the Honeywell remote oculometer, also at the same
three target amplitude envelopes. The 48 oculometer runs were all conducted with
and without feedback display (24 each).

In order for the subject to be able to distinguish the target spot from the
feedback display spot, the latter was smaller /approximate diameters were 12 mm and
3 mm respectively; the screen was about 3 meters away from the subject). The target
was driven in both azimuth and elevation by sum-of-sine functions (10 frequencies).
simulating random motion.8 The frequency ranged between 0.1 and 3.0 Hertz. with a
(6 dB) break frequency of 0.8 Hz in all runs for 12 subjects. Earlier EOG tracking

runs on two subjects were performed with forcing functions of 1.0 Hz break
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frequency; but it was found that 0.8 Hz would be more realistic. The specifications
for the target forcing functions used in the experiments are presented in Table
A-1, Appendix A.

EOG tracking, as described in Section 3, involves a certain amount of head-eye
coordination and constitutes a somewhat more difficult task for the human operator
than oculometer tracking (especially oculometer tracking without visual feedback).
It therefore requires a certain amount of training. Among the 15 subjects, the time
required to acquire a reasonable tracking skill varied between 10 and 30 minutes.
Scheduling constraints did not permit any longer training periods which, perhaps,
may have improved the tracking scores.

After the training period, each subject did seven tracking runs, each Tfasting
91 seconds. The first of these, considered a practice run, was performed at a target
amplitude envelope of 6 degrees. The subsequent six runs consisted of two runs each
with target amplitude envelopes of 6%, 99 and 12°, their sequence being permuted.
Also permuted were three forcing functions with equal amplitude characteristics but
different (randomly selected) phases (except for each initial [practice] run which
used a forcing function differing from the others by its break frequency of 0.7 Hz).
The record of the relevant EOG tracking runs is presented in Table A-2, Appendix A.

The tracking tests with the Honeywell remote oculometer were performed on six
of the subjects. For each subject, eight oculometer runs were performed; four each
without and with visual feedback. For each set of four runs, the first (practice)
run had a target amplitude envelope of 6°, the other (regular) three runs were
performed at 60. 9O and 129, the sequence being permuted, as was the {same) set of
three target forcing functions used in the EOG experiments  The record of the
relevant oculometer tracking runs is presented in Table A-3, Appendix A.

For the ocuiometer runs with visual feedback, an open-loop gain of one was
used. achieved by calibrating the equipment such that the line-of-sight is aligned
with the feedback spot (this is part of the normal oculometer calibration

preocedure).
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5. ANALYSIS OF INDIVIDUAL TRACKING RUN DATA

The analysis of the individual tracking run data was done on the
PDP 11/34 minicomputer at the AMRL Tracking Laboratory; namely (a)
frequency response analysis, using program MODFRT and (b) statistical
analysis, using program TR4.* These programs produced evaluations for
each test run.

From each tracking run record, the frequency response program
(MODFRT) computes spectra of correlated and remnant power for target,
control (response) and the error (between target and control), each for
both azimuth and elevation. It also provides gain and phase spectra, in
the describing function sense. All spectral data are given for the same
set of frequencies that generated the target motion by use ¢f the
sum-of~sine approach.

The data of interest in this study are the gain-phase spectra. In
program MODFRT, the the gain and phase values are obtained from the
power sectral data. Thus, for each frequency value, the reliability of
the computed gain and phase must be assessed in terms of the correlated
power {COR), as well as the ratio of the correlated power o remnant
power (C/R). This was done by the classification presented in Table
5-1, which has been used to identify each data point in all of the

individual frequency responses.

L L L L T N R N e e T A Y R T T

*For some of the tracking runs, the analysis was performed during

the summer 1979, the remaining computations were performed during
August 1980.
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TABLE 5-1
RELIABLILITY - LEVELS OF DATA POINTS IN GAIN - PHASE PLOTS
\Marking | Conditions  [Reliability| Weight |
lon Plot | Garrelated power. G| Correlsted Power | Level  |Assigned|
| Remnant Power R = COR | |
o } C/R> 6 dB | cR>-12d8 | s | o
: )} 1 C/R> 6 dB } COR -12 dB = FAIR { 1 }
A } C/R < 6 dB } COR> -12 dB { ACCEPTABLEII 2
E X E C/R< 6 B i COR < -12 dB f POOR E 3 E

The individual gain and phase versus frequency plots for the
tracking runs on 11 (of the 15) subjects, thus marked, are presented in
Appendix A. For each tracking run. frequency response plots are
presented for both the closed-loop [Control (output) / Target (input)]
and the open-loop {Control (output) / Error (Target - Control)].* Also
shown with the plots for each run is the 50% CEP (“"circular error
probability”) which defines the radius, in degrees, within which the
tracking error remains within 50% of the run time. It is presented both
in reference to the target and in reference to the centroid (of the
error motion). These data had been computed by Program TR4 for each

tracking run.

- > o - D A YD WP - S A e T G e = P M S e S 4 M Ar e = e D = e G S e N R

*Since the tracking schemes are not compensatory. the physical
meaning of an "open-loop" transfer function is not clearly defined.

T
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6. DATA_EVALUATION

The results of the individual tracking runs have been classified
and averaged in appropriate categories. All tracking runs for subjects
3 through 14 were performed with forcing functions of the same break
frequencies of 0.8, Hertz (see Table A-1, Appendix A for forcing
function specifications and Tables A-2 and A-3, Appendix A, for the
record of the tracking runs for subjects 1-14). These tracking runs
serve as the basis for analysis and model parameter estimation (see
Section 7).

Excluded from averaging are the first runs in each series which
were considered practice runs. Also excluded are the results of the
tracking runs on Subjects 1 and 2 where the break frequency of the
forcing function was 1.0 Hertz; these data are not considered reliable
enough to warrant consideration for the establishment of models. The
break frequency of 1.0 Hertz was evidently too high and subsequent
tracking runs for Subjects 3 through 14 were performed with a forcing
function break frequency of 0.8 Hertz. Nevertheless, the 12 EQG runs
for Subjects 1 and 2 were averaged by themselves and the results are
presented in Appendix C.

The results of the remaining 69 EOG and 36 oculometer tracking
runs (on Subjects 3 to 14) were averaged in the following groups:

EOG _TRACKING RUNS:

For 6 degrees max. taﬁget field: 24 runs on 12 subjects

" 9 n " " : 24 " n l 2 n
" 12 H t n n . 21 n n 12 "

OCULOMETER WITHOUT VISUAL FEEDBACK:
6 runs on 6 subjects, each for 6, 9 and 12 deg. max. target field.

OCULOMETER WITH VISUAL FEEDBACK:
6 runs on 6 subjects, each for 6, 9 and 12 deg. max. target field.

Bl

i M R 8 o ad agin
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Within every given group, for each frequency, averages, standard
deviations as well as maxima and minima were obtained for the gain and
phase values. Also averaged were their "reliability levels" in terms
of the "weights" defined in Table 5-1. These "weights" were then
discretized again by the rule defined in Table 6-1 into "reliability

levels” of the averaged frequency response plots.

TABLE 6-1

RULE FOR DETERMINING RELIABILITY LEVELS
FOR AVERAGED GAIN AND PHASE PLOTS

| MARKING | RANGE OF AVERAGE | RELIABILITY LEVEL OF |
| ON PLOT | WEIGHT (AW) | AV. GAIN/PHASE VALUES |

2ttt 2+ 2 A S i A A P A - A - - - -+ 1 )

I
I | | |
} O : 0 AW 0.75 | GOOD |
| |
[ [ 10.75 AW 1.50] FAIR l
| ! | |
[ A | 1.50 AW 2.25 | ACCEPTABLE |
I | | |
| X | 2.25 AW 3.00 | POOR |

Also obtained were the averages and standard deviations of the 50%
CEP ("circular error probability") both with respect to the target and

to a centroid (of the error motion).

As a summary of the relevant results, Figures 6-1 to 6-9 present
the frequency response statistics including the average value and
standard deviation for each frequency as well as the average values and
standard deviations of the 50% CEP for all runs. The details of this

effort are presented in Appendix B. both in tabular form and in terms

of frequency response plots.
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Figure 6-1
EOG

RUNS ON 12 SUBJECTS AT 6 DEG. MAX.FIELD
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Figure 6-2

E06

_RUNS ON 2 SUBJECTS AT 9 DEG. MAX.FIELD
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Figure 6-4

FREQU.RESP. STATISTICS OF 6 OCULOM. U/0 FB RUNS ON 6 SUBJECTS AT 6 DEG. MAX.FIELD
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Figure 6-5

FREQU.RESP. STATISTICS OF G OCULOM. W/0 FB RUNS ON 6 SUBJECTS AT 9 DEG. MAX.FIELD
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Figure 6-7
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Figure 6-8

FREQU.RESP. STATISTICS OF G0CULON. WITH FB RUNS ON 6 SUBJECTS AT 9 DEG. MAX.FIELD
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7. DESCRIBING FUNCTION MODELS

From examination of the closed-loop frequency response results
presented in Figures 6-1 to 6-9, the following linear models for the
(closed-loop) transfer function between target angle (input) and
control angle (output) have been chosen:

-sT
K(1 - s/A)e

G(s) = for EOG tracking (7-1)
(1 + s/B){1 + s/C)

-sT
K e

G(s) =~ for oculometer tracking (7-2)
(1 + s/A)

The parameter identification was performed from the averaged
describing functions presented in Figures 6-1 to 6-9. They represent 2
total of 69 EOG runs and 36 oculometer runs on Subjects 3 through 14,
all  with forcing functions of 0.8 Hertz bandwidth, averaged in
appropriate groups.

The results are presented in Tables 7-1 to 7-3. They are also
presented in Figures 7-1(a) to 7-9(b) which show plots of the freguency
responses of the models, together with the averaged measured frequency
response points and their standard deviaticn ranges. Note that in all
cases, the model response lies well within the standard deviation range
of the measured data.

The parameter identification was carried out by means of a
Gauss-Newton nonlinear Jleast-square fit program. A two-step approach
was wused to first identify the parameters K, A, B, C (for the E0QG
model}; or K. A (for the oculometer model) to fit the gain function and
then to obtain the time-delay T from the phase function. The minimized

root-mean-square difference between {average) measured and model data
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are included in Tables 7.1 to 7-3, in a form suitable to serve as a :

measure of gquality of the fit. They are presented, as "&fié »  both

with respect to gain and phase.
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Figure 7-1 (aj
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Figure 7-1 (b)
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Figure 7-2 {a)

EOG
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For 12 Subjects, 24 Runs
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Figure 7-2 {b)

EQOG
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For 12 Subjects, 24 Runs
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Figure 7-3 (a)
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Figure 7-3 (b)
EOCG

ELEVATION CLOSED LOOP
12 Deg. Maximum Fleld
For 12 Subjects, 2! Runs
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Figure 7-4 (a)
OCCULOMETER WITHOUT FEEDBACK
AZIMUTH CLOSED LOOP

6 Deg. Maximum Fleld
For 6 Subjects, 6 Runs
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Figure 7-4 (b)
QCCULOMETER WITHOUT FEEDBACK
ELEVATION CLOSED LOOP

6 Deg. Maximum Field
For 6 Subjects, 6 Runs
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Figure 7-5 (a)

OCCULOMETER WITHOUT FEEDBACK
AZIMUTH CLOSED LOOP

9 Deg. Maximum Fleld

For 6 Subjects, 6 Runs
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Figure 7-5 (b)

QCCULOMETER WITHOUT FEEDBACK
ELEVATION CLOSED LOOP

9 Dag. Moximum Fleid /
For 6 Subjlects, 6 Runs
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Figure 7-6 (a)

OCCULOMETER WITHQUT FEEDBACK
AZIMUTH CLOSED LOOP

12 Dag. Moximum Fleid
For 6 Subjects, 6 Runs
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Figure 7-6 (b)

OCCULOMETER WITHOUT FEEDBACK
ELEVATION CLOSED LOOP

12 Deg. Maximum Fleld
For 6 Subjects, 68 Runs
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Figure 7-7 (a)

OCCULOMETER WITH FEEDBACK

AZIMUTH CLOSED LQGCP
8 Deg. Maximum Fiaeld
For 6 Subjects, & Runa
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Figure 7-7 (b)

OCCULOMETER WITH FEEDBACK
ELEVATION CLOSED LOQP

8 Deg. Max!mum Filaeld
For 8 Subjects, 8 Runs
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Figure 7~8 (a)
OCCULOMETER WITH FEEDBACK
L AZIMUTH CLOSED LOOP

9 Deg. Moximum Flaeld
For 8 Subjlects, 8 Runs
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Figure 7-8 (b)
OCCULOMETER WITH FEEDBACK -
ELEVATION CLOSED LOGP

9 Deg. Maximum Fleld
For 8 Subjects, 6 Runs |
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Figure 7-9 (a)

QCCULOMETER WITH FEEDBACK
AZIMUTH CLOSED LOOP

12 Dag. Moximum Fleld
For 6 Subjects, 8 Runs

TITTTTrITY

1 1 ] H U N S § A 1 Ll bl

28, 2 5 | 2 5 19
FREQUENCY CHz) AN\
aStandard
NV Daviat ion
XaAverogcd
T T T T EXP‘I"M.H&GI

Data Polints

C(Deg.>

PHASE

LA L0800 000l ianilanittaatnieitt

-480 1 i A i S S I | J L i (1 P 1

B .2 .5 i 2 5 19
FREQUENCY  (H=>

FUNCTION: PARAMETERS :
-aT K= 2.843
GCarm —Ke NGRS

C) + a/A)




— E ----u-.|.|.-!ugg.-.g......!__!_.__

-44-
Figure 7-9 (b)

OCCULOMETER WITH FEEDBACK
ELEVATION CLOSED LOOP

12 Dag. Moximum Fileld
For 6 Subjects, 6 Runs

’a T v L] T 1.1 v L] T T, v T

TEIvTTiITY®

Al b3t bt s i s st asey

v, v fn v _

~20, 2 s i 2 5 19
FREQUENCY (Hz) /N
=Stondord
\V Deviation
¥ =Averaged
9 U Exper imental

Data Points

~-109

CDeg.>

-209

PHASE

-390

JAliilsirentnbatnndsidndsientatsnaasy

L 1 IS VR D N 1, F IR T, WA N SN N N |

.2 .5 { 2 5 1%
FREQUENCY  CH=zd

b

el B AR AR R R AR RN R R R A DN A R AR AR EEREEERE A

-409

, FUNCTION: PARAMETERS :
z K= 2.853
Ke™*" A= (2.802)27=17.626
GCad= T= 9.208

C1 + a/A)

Al i i -

t———— o L



-45.-

8. DISCUSSION;

The describing function models for EOG and oculometer tracking
presented 1in Section 7 are intended to describe, in compact form, the
relevant overall dynamic properties of these tracking methods. Among
the objectives of this project was the determination of the possible
effect of maximum target field size on the (describing function)
tracking model. Therefore, all the tests were performed at 6, 9 and 12
degrees maximum target field. From the parameter values of Tables 7-1
to 7-3, some relevant observations are summarized in Table 8-1.

For each of the three tracking schemes, Table 8-1 presents the
percent changes of the model parameters as the result of maximum target
field increase from 6 to 12 degrees. Such values are shown only when
the increase or decrease 1is monotonic. For every case, the range is
presented in terms of the percent maximum excursion from the average
value, within which each parameter varies. Since the parameters may
have different values for azimuth and elevation, the percent increases
or decreases, as well as the percent excursions from average values had
been obtained separately and then averaged between the two values for
azimuth and elevation.

For E0G tracking, both gain K and bandwidth, in terms of model
parameter C, decrease with increasing target field size. Typically,
such an effect can be caused by an equivalent gain (describing

function) in the open-loop that decreases with increasing input-signal

strength. Indeed, this 1is true of the EOG sensing function whose

characteristic exhibits saturation.

Fapr-aen
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TABLE 8-1
EFFECT OF INCREASE IN MAXIMUM TARGET FIELD FROM 6 TO 12 DEGREES*

| TRACKING METHOD | £0G | OCUL. W/O FB | OCUL. WITH FB |
======================================================================’

Low-Frequency Gain. K | 15% decrease 6% increase -
| within 10% within 3% within 1.4% |

B . ke R e B R L L L L T P ipip iy R

| [
| |
| I l
[ 24% increase | 95% increase |
| within 19% | within 12% = within 37% |
————————————————————————————————————— I
| {
| |
| 1

—Cmmmm e e e e m e | o - —-——————--

- -

21% increase |
within 10% }

22% decrease
within 16%

|
| Transport Lag, T:

- - - - - - - - - - . S - " - -

{*Average between % change of average value for azimuth and that for|

elevation. Also shown is the range., in terms of the avarage betweenl
azimuth and elevation, of the % maximum excursion from :the average

| value of the results for different target field sizes. |
|#The pole relevant for the bandwidth is “C" for EOG and "A" for oculo-]
meter tracking, in eqs. (7-1) and (7-2) respectively. 1

For oculometer tracking, the gain remains fairly constant while
the bandwidth, 1in terms of model parameter A, increases with
increasing target field size. The bandwidth increase reflects a slight
open-loop gain- enhancement for larger target excursions (see Figures
6-4 to 6-9 for open- loop, as well as closed-loop freguency responses).
Interestingly, the relative bandwidth increase (with target field
size) for oculometer tracking with visual feedback display (95%) is
larger than that for oculometer tracking with visual feedback display
(24%). However, from the values in Tabies 7-2 and 7-3 it can be seen
that the average values of model parameter A are higher for oculometer

tracking without visual feedback (FB) display than for that with visual

~

FB display. For all three target field sizes {6. 9 and 12 degrees), the

average values are:

Aottt adic s
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For oculometer without visual feedback display:

Azimuth: A = 11.04 Elevation: A = 11.70
For oculometer with visual feedback display:
Azimuth: A = 7.61 Elevation: A = 10.95

Apparently, the somewhat greater bandwidth of oculometer tracking without visual
FB is related to the absence of the additional task for the subject to align the
control display with that of the target. On the other hand, the tracking accuracy
depends on the calibration of the oculometer, whereas in oculometer tracking with
visual FB display, the error sensing is done by perceptual means. All oculometer
tests were performed after careful calibration (with an estimated accuracy ofil°).

The tracking accuracy is reflected in the 50% CEP (“"ciruclar error probability*)
which defines the radius about the target (or about a centroid of the error motion)
within which. the tracking response remained 50% of the run-time. Average values,
standard deviations and ranges for the 50% CEP are presented in Figures 6-1 to 6-9,
as well as in Tables B-1 to B-9, Figures B-1 to B-9, Appendix B. From these values,
it is seen that the 50% CEP is fairly proportional with target field size. In other
words, the ratio between 50% CEP (angle) and the maximum target angle is fairly
constant. From the data obtained, the average 50% CEP ratio with respect to target
angle is:

0.541 18% for E0G

50% CEP w.r. to Target (angle) 0.330 279 for oculometer w/o visual feedback

. = -
Maximum Target Angle 0.345 —2% for oculometer with visual feedback

Oculometer tracking without visual feedback has the best tracking performance (in
terms of the lowest CEP-ratio); however, as mentioned before, this is based on

accurate oculometer calibration, which may not be as essential in oculemeter tracking

with visual feedback. It would appear that for oculometer tracking without visual
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feedback, miscalibration (of the oculometer) will introduce a tracking bias but not
affect the bandwidth, whereas in oculometer tracking with visual feedback, perceptual
error-correction will reduce the tracking bias, but probably at the expense of

reduced bandwidth. (see recommendation (b) in Section 9).

9. RECOMMENDATIONS FOR FURTHER STUDY

(a) Describing Function Models for QOther Tracking Methods: In the present
project. overall properties were established, in the compact form of describing
function models, for three tracking methods. The experience gained in this project
should serve useful in establishing describing function models for other tracking
methods such as, for example, head (helmet) tracking.

(b) Accuracy Requirements for Tracking Methods with Feedback Display: This
applies not only to the oculometer tracking with feedback display or EOG tracking
studied in this project, but to wider class of tracking methods, such as helmet
tracking. Since the actual error-sensing is performed by the human operator,
instruments (such as oculometer, helmet sensor or £0G sensor) merely serve as control
actuators. Errors in instrument sensitivity affect the open-loop gain but may have
little effect on the steady-state tracking error. Moverover, human adaptation may
possibly have a compensating effect on the open-loop gain itseif. Likewise, any
instrument output bias including drift may not directly affect the steady-state
tracking error. It would be desirable to investigate how accuracy and dynamic
performance, e.g. bandwidth, of tracking (with feedback display) are affected by
changes in instrument gain, as well as by bias and drift. Such a project will provide
data needed to establish specifications for sensing instruments to be used in
practical tracking schemes.

The AMRL tracking laboratory is ideally equipped to produce the data for such a

project. Gains and outputs of a reasonably accurate head (helmet) sensor and/or line-

of-sight sensor (oculometer) can be modified by constant or random errors.
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(c) Effect of Open Loop Gain in Tracking Methods with Feedback Display: Whereas

Recommendation (b) above pertains to accuracy effects of instrument gain and bias,

this recommended effort seeks to establish optimum open-loop gain for given tracking
tasks. All experiments conducted in this project with EOG tracking and oculometer
tracking with feedback dispiay, involved unity open-loop gain. This choice appeared
"reasonable” but may not necessarily result in optimal tracking performance.

(d) Model Study of Eye-Head Tracking: The tracking schemes considered in this
research, including oculometer with and without feedback display, as well as EOQG
tracking, all involve human eye-head coordination, though each in different ways. For
eye tracking itself (with fixed head position), several models have been pro-
posedl1,12,13,14; however, they may serve, at best, as guides in the search for a model
of eye-head tracking, which must include the dynamics of eye-head coordinationls,16.
An important property desired of a model is the identifiability of its element from
data of properly chosen tracking experiments.

(e) Reduction of Drift and its Effect in EOG Tracking: Though EOG tracking does
not appear promising as a practical method it may be useful in research studies
relevant to head-eye coordination. Even with presently available electrodes, drift
may not be objectionable, as long as the subject can comfortably exert control.
Electronic circuitry can be designed to compensate for drift or to automatically reset
the d-c level when the drift exceeds a certain value. Another improvement can be
obtained by a circuit that locks the feedback display in case of events such as
blinking (such circuitry exists in the Honeywell remote oculometer). One of the
problems of any tracking system involving feedback display is the temporary loss of

the feedback display. This will cause the subject to go into searching motion. This

happened during some of the experiments conducted during the summer, causing
reduction of overall tracking performance. It is possible, however, to prevent this

from happening by limiting the display such that it never leaves the boundaaries of

the visual field. !
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APPENDIX A
INDIVIDUAL TRACKING RUN RESULTS
Presented in this appendix are the frequency response plots for
the individual tracking runs on 11 (of the 15) subjects.* Also shown
for each test run presented are the values of the 50% circular error
probability (CEP - the radius within which the tracking error remains
within 50% of the run time; both with reference to the target and to
the centroid of the error motion.* Each plate represents a tracking
run; for each azimuth and elevation, it shows the gain and phase versus

frequency plots for

Control (output) E
“Closed-Loop”, meaning: :

Target (output)

Control (output) ‘
"Open - Loop", meaning: i
Error (Target minus Control) k

Table A-1 suﬁmarizes the relevant data on the target forcing ‘
function used for the tracking runs, whose results have been processed.

In total, 100 EOG tracking runs on 15 subjects and 48 oculometer
runs (24 each with and without visual feedback display) on 6 (of the

15) subjects have been processed. For lack of space, this appendix

shows individual frequency response plots for only 72 EOG tracking runs
on 11 subjects and 24 oculometer tracking runs on 3 (of those 11)
subjects. The remaining individual frequency response plots are quite
similar but their data are, of course, incorporated in the computation

of the average responses presented in the body of this report.

- . o D . D MR T P D S e Y e D B 4 N W D T D e m R T D e WD R 4n = AR G R R e M R W T e G = e A e

*The frequency response data and the 50% CEP values were computed
on the POP-11/34 minicomputer at the AMRL Tracking Laboratory, using
programs “MODFRT" and "TR4" respectively.
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Three FF's (FF numbers 1,2,3).

Subjects 3 Through 14: 0.8 Hertz;
Three FF's (FF numbers 1,2,3).
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TABLE A-1

| SPECIFICATION OF FORCING FUNCTIONS USED IN THE TRACKING RUNS |
| FREQUENCIES(Hertz) | |
|Azimuth |Elevation| Sum-of-sines: 10 frequencies between (approx.)|
R { 0.1 Hertz and 3.0 Hertz as shown. |
10.09888 | | |
{ { 0.12085 | For a set of runs on a subject three forcing|
10.14282 | | functions were used which were identical in every-|
| | 0.17578 | thing except for different (randomly selected)]|
{0.20874 | | phases of their sine-wave components; they are de-|
| ] 0.25269 | signated by forcing function (FF) numbers 1, 2 and|
{0.30762 | | 3 and their sequence in any series of tracking|
| } 0.37354 | runs was permuted as shown in Tables A-2 and A-3|
10.45044 | | for EOG and oculometer tracking respectively. |
| | 0.54932 | {
}0.65918 | | Break Frequencies (6 dB Power): |
| | 0.80200 | |
{0.96680 | | Subject 0 (5 EOG runs): Ditferent break frequen-|
] } 1.16455 | cies: 0.7, 0.8, 0.9 and 1.0 Hertz|
11.40625 | ] (4 FF's; 0.8 Hz was used twice). |
| | 1.70288 | I
12.05444 | | Practice Runs {On A1l Subjects 1-14): 0.7 Hertz; |
| | 2.48291 | One FF (FF number P). |
§2.99927 | [ |
% ! 3.62549 } Subjects 1 and 2: 1.0 Hertz; |

]
| | ( |
[ l | {
l | [ [

The tracking runs on subject O represents test runs, using EOG
tracking, all for 6 degree maximum target field but for different (6 dB

power) break frequencies, namely 0.7, 0.8, 0.9 and 1.0 Hertz.

The tracking runs on Subjects 1 and 2 used forcing functions with
a break frequency of 1.0 Hertz. However, it was found that the
evaluated results may not be reliable. This may be seen by the markings
of the data points in terms of the "reliability levels" defined in

Table 5-1. It was therefore decided to lower the break frequency for

all subsequent tracking runs to 0.8 Hertz for Subjects 3 through 14,

T st <o LN
s
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ATl data evaluations presented in Section 6 have been based on the
tracking runs for Subjects 3 to 14, with a break frequency of 0.8
Hertz; namely 81 EOG runs on 12 subjects and 48 oculometer runs on 6
{of those 12) subjects.

For each subject, the first tracking run was performed with
forcing  function P (for practice), where the break frequency was 0.7
Hertz. This test run was performed with a maximum target field size of
6 degrees. The subsequent tracking runs were performed with maximum
target field sizes of 6, 9 and 12 degrees., the sequence being permuted.
Also permuted were the forcing functions which were the same except for
the (randomly selected) phases (of the 10 different sine functions}.
The record of the tracking runs for subjects 1 to 14 is shown in Tables
A-1 and A-2 for E£0G and oculometer tracking respectively.

The average responses presented in the body of this report are

based on the tracking runs on Subjects 3 through 14, for which the

target forcing functions all had the same break frequency of 0.3 Hertz.
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TABLE A-2

RECORD OF EO6 RUNS
l Maxisus Fleld {::g-:lm Function Number
Yo | Swbject (hge) Sex | 8 3 | 4 1 S | 6
1 8/8 o7 | 1272|973 |61 (973 71 | 672

12/1

Nt @8 F

2| DIF (28 F 87 (| 6/ [ 672 | 673 | 1221 | 672 (123 | ant

WSS 6D M 6P |9/ | 673 | 1272|1272 | 671 | 973

41 T @O N g/g {lep |6 |92 1273 |dn | &2 [(2rd
873

sk
S| MP X F g9 || 6P (a2 |67t | 973 | 1271 | & 672

Jok
61 AK (36 M griglle7p | 93 | 1271 | 672 a3 | a2 U2

92
7] W6 GO M g/12ll e o3 | 1272 |9 |12 | 972 | o713

8| AN (19 F 8/13|| 6P | 673 | 1272 |91 | 673 | 1272 | 97t

g LWL (35 F g/13(| o7p | 671 | 973 | 122|672 | a7t | 123

18] CJA (30 M g/iaall ep | 972 |67 [ 1273 73 | &7 | 1272 f

1| KRA CI8) F 8/1S || 67p | 1271 | 672 | 973 | en1 | 1273 | 672

H 12| DR (35 M 8/isil 677 | 1273 |97t (672 | 12Zv2 | 673 | 9/

13| MB 5 F g7l 6/ | 672 973 |12 | 3 |12 | e

14 &K QD F snll €p |9t {673 | 122 | 1272|611 | 973

*For example, 9°/3 means " 9 degrees max. field and forcing function (FF) number 3".
See Table A-1 for specification of FF's and list of break frequencies of FF's,

**Records lost or damaged during processing (three runs as indicated).
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A

TABLE A-3

RECORD OF OCULOMETER RUNS [

Hoxism Fleld /7 Forcing Function Nusber™

for Runs Uithout For Rns Uith :
Visual Feadback Visual Feadbeck ’

L P ——————

1

[10 CJA (30) M 8/14 || 6°/p | 6°/1 1 9°/3 {12°/2 || 6°/p 60/2 9°/1 12‘73:

:ﬁ

(11 KRE (18) F 8/15 |1 6°/p | 9°/2 | 6°/1 {12Y3 || 6/ | 97/3 | 6°/1 11292

9°/1 11273 | 6°/2

1292 | 6%731 9 11

*See footnote under Table A-2.
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Figure A-1
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Figure A-1 {cont.)
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Figure A-2 (cont.)
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Figure A-3 .cont.)
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Figure A-4
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APPENDIX B

FREQUENCY RESPONSE STATISTICS FOR ALL RUNS
WITH BREAK FREQUENCY OF 0.8 HERTZ

Presented are the results of the data evaluation for 69 EOG and 36
oculometer tracking runs on subjects 3-14 as described and summarized
in Section 6.

Tables 8-1 to B-9 present average values, standard deviations, as
well as maxima and minima of both gain and phase angle for each
frequency. Each of these tables represents an appropriate group of
tracking runs of those considered in Section 6. Also shown are the
average values and standard deviations of the 50% CEP.

Figures B-1 to B-9 present the plots corresponding to Tables B-1

to B-9 respectively.
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Figure B-4

FREQU.RESP. STATISTICS OF 6 OCULOM. W/0 FB RUNS ON 6 SUBJECTS AT 6 DEG. MAX.FIELD
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Figure B-5
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Figure B-6
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CLOSED LOOP
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Figure B-7

FREQU.RESP. STATISTICS OF 60CULOM. WITH FB RUNS ON 6 SUBJECTS AT 6 DEG. MAX.FIELD
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Figure B-E

FREQU.RESP. STATISTICS OF 6OCULOM. WITH FB RUNS ON 6 SUBJECTS AT 9 DEG. MAX.FIELD
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ELEVATION

FREQU.RESP. STATISTICS OF GOCULOM. WITH FB RUNS ON 6 SUBJECTS AT 12 DEG. MAX.FIELD
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APPENDIX C

AVERAGED RESULTS OF 12 EQG TRACKING RUNS
WITH BREAK FREQUENCY 0D 1.0 HERTZ
For Subjects 1 and 2, 12 EOG tracking runs were performed with a

target forcing function of 1.0 Hz break frequency. As can be noted from i;
the individual tracking results for Subjects 1 and 2 (in Appendix A},
these data are not considered reliable (see markings on the plots in ﬂ
terms of reliability levels). The break frequency of 1.0 Hz was
evidently too high and was therefore lowered for the subsequent
tracking runs. Nevertheless, the results of these 12 EOG tracking runs y

were averaged in groups of 5, 3 and 4 tracking runs for maximum target

angles of 6. 9 and 12 degrees respectively.

The results are shown in Tablas C-1 to C-3 and Figures C-1 to C-3

respectively.
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